Purpose {#sec1}
=======

Lung cancer is one of the most prevalent cancers worldwide. It can be divided into two pathomorphological forms: non-small cell (80%) and small cell (20%) carcinomas \[[@cit0001],[@cit0002],[@cit0003],[@cit0004],[@cit0005]\]. In patients with less advanced cancer, the main treatment modality is radical surgery. Patients who refuse surgery or whose general health does not allow surgery are treated with radical radiotherapy and/or chemotherapy \[[@cit0006]\]. In the case of a patient at a late clinical stage, the cancer is permanently inoperable. The treatment method in such cases relies on alleviating the symptoms of the disease and extending the survival time. Patients are treated with palliative radiotherapy. In palliative radiotherapy, the most common treatment is brachytherapy \[[@cit0007],[@cit0008],[@cit0009]\]. HDR brachytherapy is the most frequently used method of treating the symptoms of inoperable lung cancer in advanced form, in which the tumor may narrow or obstruct the bronchial tree, resulting in symptoms such as hemoptysis, dyspnea, cough and lung inflammation. Endobronchial brachytherapy (EB) is an indication mainly for palliative treatment \[[@cit0010],[@cit0011],[@cit0012],[@cit0013]\]. The universality of high-dose-rate (HDR) brachytherapy in the area of the lung is mainly due to the use of automatic remote afterloaders, a stepping source, flexible applicators and a short treatment time \[[@cit0010],[@cit0014],[@cit0015]\]. Treatment planning (TP) in HDR EB can be based on various forms of imaging. One or multiple-dimensional images can be applied. In the case of lung cancer, 1D (imaging from one angle) or 2D (view from two planes) imaging is standard. In the case of one-dimensional planning systems, the dose distribution is presented in virtual form along the unreal, rectilinear applicator. Neither the anatomical conditions of the patient nor the curvature of the applicator are included in the dose distribution. The treatment plan can also be based on 2D or 3D images. If the images are 2D, then the curvature of the applicator is taken into account. 2D imaging does not provide complete information about the dose in the risk area or critical organs \[[@cit0016]\]. Using this type of imaging, the dose is normally specified by dose points \[[@cit0017]\]. The dose points are at a constant distance from the axis of the applicators. One of the limitations of imaging is that the dose distribution at target and organs at risk (OAR) are unknown. In modern brachytherapy, a computerized TP system allows the use of 3D images. A plan created in this way contains information about the dose distribution in the planning target volume (PTV) and OAR. Knowledge about the dose distribution allows the creation of an individual treatment plan for a particular patient \[[@cit0018],[@cit0019]\]. Standard planning (SP) is realized on dose distribution at a distance of 1 cm from the applicator. The contemporary planning (CP) in EB takes into account the dose distribution in real PTV and real OAR. Mostly, departments which are using 3D images adopt standard planning in 3D imaging. In that case, the dose distribution is still calculated 1 cm from the applicator and PTV is the volume at a distance of 1 cm from the applicator. Planning systems based on 3D imaging show the dose distribution in the volume of PTV and OAR and plans are adapted to the clinical situation. The aim of this study is to compare the dose distribution in TP based on SP and CP in EB. Based on this study, the real calculated doses in investigated OAR are to be presented.

Material and methods {#sec2}
====================

The study involved a group of 31 patients prospectively treated with advanced, inoperable, non-small cell lung cancer. All patients were treated in the years 2011-2013. The age range of the study group was 52-85 years (median 66). A total of 72 treatment fractions with 3D imaging were studied. In 46 fractions two separate applicators were used, while three applicators were used in nine treatments. One applicator was used in 21 cases. The prescription dose was 7 Gy per fraction. The number of fractions varied from 1 to 3. For each treatment fraction, two treatment plans were created, independently for each planning method. They were prospectively planned to have SP and CP plans prepared, but all patients were treated using the CP method. Both planning methods were based on 3D images from a computed tomography (CT) scanner.

After the treatment, patients were scheduled for follow-up visits, during which the long-term treatment effects were assessed. To compare the observation of patients treated with the standard planning method, a group of 11 patients was analyzed. The patients who were treated by both methods historically had the same clinical qualifications. These were the patients who qualified only for palliative treatment due to the advanced clinical stage. TP was created in the Oncentra MasterPlan Brachy 4.0 system. Dose calculation algorithm TG-43 was used. The Lumencath Applicator Set was used for brachytherapy. The SPSS statistical package was used to perform the calculations. Student's *t*-test for two independent samples was used as it was the most appropriate for comparison of quantitative variables between two groups (α = 0.05).

Course of the procedure {#sec2.1}
-----------------------

None of the treated patients required hospitalization. They participated in the procedure on an empty stomach. Patients underwent anesthetic consultations followed by premedication and initial CT scanning. The next step was videobronchofiberoscopy. After reaching the place where the cancerous area was located, or its immediate surroundings, a catheter was inserted through the videobronchofiberoscope. Depending on the location and extent of the disease in the place, the number of applicators ranged from 1 to 3. Each applicator was equipped with a marker that allowed visualization of the catheter and its first active position in the imaging system. After the application, the patients underwent CT scanning, and if a physician successfully verified the application, the treatment planning process was continued.

Contemporary planning (3D method) {#sec2.2}
---------------------------------

On imported CT images, the PTV area (volume of target dependent on the actual clinical situation) and OAR (heart, esophagus, lungs, spinal cord) were contoured. The next steps were: reconstruction of the applicator(s), activation of the source positions (source step size was 2.5 mm or 5.0 mm) in the vicinity of the PTV. The next stage of the procedure was optimization of the dose distribution. Due to the placement of the implant in the patient's body, two optimization algorithms were used in the computer treatment planning system (TPS). Geometric optimization was used first, as it allows very high homogeneity between source stop points \[[@cit0010],[@cit0020],[@cit0021]\]. The final treatment plan was completed using graphical optimization. Graphical optimization consists of the manual adjustment of the isodoses, which illustrates the distribution of the dose in 3D images. This algorithm allows a unique dose distribution in PTV and OAR \[[@cit0015],[@cit0022]\].

Standard planning (2D method) {#sec2.3}
-----------------------------

In the SP approach, the same 3D images and applicator/source positions were used as in the CP method, but the stopping times of the source were calculated using the dose point optimization method. Optimization to the points consists of fitting the reference isodose in such a way that the entire implant area is covered by the reference dose. When used to optimize the appropriate number of reference points, the dose distribution takes such a form that the planned dose is reached at each reference point \[[@cit0020],[@cit0023]\]. Dose specification points were located at a distance of 1 cm from the applicator axis in a perpendicular direction and the active length was set to the length of the tumor with a margin of 0.5 cm. Before dose optimization, dose normalization was performed at pre-determined reference points.

To the best understanding of differences in TP created by both methods, [Figure 1](#f0001){ref-type="fig"} presents the 3D dose distribution for a standard and contemporary TP for the same patient and treatment fraction.

![Comparison of the distribution between SP (**A**) and CP (**B**) method in regard to PTV volumes in relation to adjacent OAR. Prescribed 100% isodose (V~100~) is presented in yellow for SP (**A**) and in red for CP (**B**) planning methods; PTV -- purple; heart -- dark red](JCB-11-38379-g001){#f0001}

Results {#sec3}
=======

In the analysis of dose distribution between contemporary and standard planning, PTV included the reference doses in the SP and CP method for V~85~, V~100~ and V~115~. Then the doses that critical organs received in both methods were analyzed. In the case of the heart, spinal cord and esophagus, doses of D~0.1\ cm^3^~, D~1\ cm^3^~, D~2\ cm^3^~ for each of the structures were calculated. D~20~ was also examined for the heart and lungs, and D~5~ for healthy lung tissue. The two groups of variables were also compared by a box-and-whisker plot (interquartile range -- 25^th^-75^th^ percentile, "whisker" -- irrelevant data range, "--" -- median, "x" -- average). The values of the whiskers on the box plot were determined by one and a half times the 1.5 x IQR quartile range.

Reference dose in the target area {#sec3.1}
---------------------------------

[Figure 2](#f0002){ref-type="fig"} presents box diagrams where the values for PTV V~85~, PTV V~100~, and PTV V~115~ were compared in SP and CP methods. For PTV V~85~, V~100~ and V~115~ median dose was increased by 43.33%, 44.08% and 43.67% with statistical significance (*p* \< 0.001) for the CP method in relation to the SP method.

![Reference dose in the target area for contemporary and standard planning](JCB-11-38379-g002){#f0002}

Dose in the organ at risk -- lung {#sec3.2}
---------------------------------

[Figure 3](#f0003){ref-type="fig"} presents box diagrams where the values for the lung D~20~ and D~5~ for healthy lung tissue were compared using SP and CP methods. In the case of the lung D~20~ median dose (SP = 0.96 Gy; CP = 1.64 Gy) was increased by 0.68 Gy (with statistical significance *p* \< 0.001) for the CP method in relation to the SP method. D~5~ for healthy lung tissue median dose (SP = 0.39 Gy; CP = 0.53 Gy) was increased by 0.14 Gy with statistical significance (*p* \< 0.01) for the CP method in comparison to the SP method.

![Dose in the lung for contemporary 3D and standard 2D planning](JCB-11-38379-g003){#f0003}

Dose in the organ at risk -- esophagus {#sec3.3}
--------------------------------------

[Figure 4](#f0004){ref-type="fig"} presents box diagrams for the values of the esophagus D~0.1cm^3^~, D~1cm^3^~, D~2cm^3^~. In the case of esophagus D~0.1cm^3^~, there were no statistically significant differences between the CP and SP methods (*p* = 0.3). In the case of esophagus D~1cm~^3^, there were statistically significant differences between the CP and SP methods. However, as can be seen from the *p*-value below 0.05 (*p* = 0.02), these differences are small. In the case of esophagus D~2cm~^3^, median dose (SP = 1.64 Gy; CP = 2.70 Gy) was increased by 1.06 Gy with statistical significance (*p* \< 0.001) for the CP method in relation to the SP method.

![Dose in the esophagus for contemporary 3D and standard 2D planning](JCB-11-38379-g004){#f0004}

Dose in the organ at risk -- spinal cord {#sec3.4}
----------------------------------------

[Figure 5](#f0005){ref-type="fig"} presents box diagrams where the values for spinal cord D~0.1cm^3^~, D~1cm^3^~ and D~2cm^3^~ were compared between SP and CP methods. For spinal cord median D~0.1cm^3^~, D~1cm^3^~, and D~2cm^3^~ was increased by 0.33 Gy (CP = 1.17 Gy; SP = 0.83 Gy), 0.34 Gy (CP = 0.93 Gy; SP = 0.59 Gy) and 0.32 Gy (CP = 0.85 Gy; SP = 0.53 Gy), respectively, with statistical significance (*p* \< 0.001) for the CP method in relation to the SP method.

![Dose in the spinal cord for contemporary 3D and standard 2D planning](JCB-11-38379-g005){#f0005}

Dose in the organ at risk -- heart {#sec3.5}
----------------------------------

[Figure 6](#f0006){ref-type="fig"} presents box diagrams where the values for heart D~0.1cm^3^~, D~1cm^3^~, D~2cm^3^~ and D~20~ were compared between SP and CP methods. For heart D~0.1cm^3^~, D~1cm^3^~, D~2cm^3^~ and D~20~ median dose was respectively increased by 1 Gy (CP = 2.81 Gy; SP = 1.81 Gy), 0.87 Gy (CP = 2.40 Gy; SP = 1.53 Gy), 0.81 Gy (CP = 2.22 Gy; SP = 1.41 Gy) and 0.29 Gy (CP = 0.75 Gy; SP = 0.46 Gy), with statistical significance (*p* \< 0.001) for the CP method in comparison to the SP method.

![Dose in the heart for contemporary 3D and standard 2D planning](JCB-11-38379-g006){#f0006}

Analysis of survival and toxicity {#sec3.6}
---------------------------------

[Figure 7](#f0007){ref-type="fig"} presents an analysis of survival time for patients after treatment. For patients treated with the CP method, the median duration of survival after treatment was 21 months. No late complications due to HDR-EB were observed in any patient treated with the CP method. Doses received by organs and critical structures in the CP method did not affect the toxicity of treatment.

![Overall survival data for the 31 patients contemporarily treated with CP 3D method (in red) and for 11 patients historically treated with SP 2D method (in blue)](JCB-11-38379-g007){#f0007}

Discussion {#sec4}
==========

One of the methods employed to reduce or eliminate symptoms of bronchial cancer is HDR brachytherapy. Used as a palliative treatment, it aims to reduce discomfort and improve the quality of life of the patients \[[@cit0024],[@cit0025]\]. The brachytherapy treatment plan can be based on standard 1D imaging. In this case, the dose distribution is presented in virtual form along the unreal rectilinear applicator. Neither the anatomical conditions of the patient nor the curvature of the applicator are included in the dose distribution. The treatment plan can also be based on 2D or 3D images. If the images are 2D, then the curvature of the applicator is taken into account. 2D imaging does not provide complete information about the dose in the risk area or critical organs \[[@cit0016]\]. A treatment plan based on 3D imaging contains information on the spatial distribution of the dose in the patient's body. When planning a treatment, we have real information about the position of the applicator, target and OAR on CT images. According to the recommendations for brachytherapy of lung cancer, by 2016 any treatment should have been based on a standard treatment plan with dose specification at a distance of 1 cm from the applicator axis \[[@cit0024],[@cit0026],[@cit0027],[@cit0028],[@cit0029],[@cit0030],[@cit0031],[@cit0032],[@cit0033],[@cit0034]\]. It is only in the 2016 guidelines published by the American Brachytherapy Society (ABS) regarding brachytherapy of bronchial cancer that three-dimensional imaging is recommended for diagnostic purposes and in a computerized TPS. It is also recommended, in connection with the use of CT, to define the therapeutic area above standard dose specification points \[[@cit0035]\]. The guidelines from 2017 for brachytherapy of bronchial cancer show that 3D planning using two bronchial applicators allows a more conformal dose distribution in the target and greater OAR protection than when using a single bronchial applicator \[[@cit0036]\]. Based on 3D images, it is possible to obtain a conformal distribution of the isodose against the target with simultaneous control of the treatment toxicity \[[@cit0037],[@cit0038]\]. One applicator is used as standard in TP in EB \[[@cit0039],[@cit0040]\]. The possibility of using several applicators during the creation of a CP treatment plan allows enhanced protection of critical organs, while at the same time providing larger coverage of the PTV. Based on the available data it is recommended to perform 3D image based planning using at least two applicators \[[@cit0041]\]. As reported in the literature, it is very common that three-dimensional imaging is performed after the application of catheters has been completed, but it is then used only to verify the applicator's/applicators' position \[[@cit0042],[@cit0043]\]. The cited literature also analyzed the position of the catheters against each other and anatomy during the patient's respiratory movement. The difference for V~100~ was 2.3% \[[@cit0044]\].

Analyzing the graphs showing the comparison of both methods ([Fig. 2](#f0002){ref-type="fig"}) for the risk area, one can observe that in the CP method 50% of the middle results are much higher in the graph than it is in the case of the SP method, which indicates a much larger PTV acquisition in the reference method in the CP method. It could be anticipated that with higher scores in the region of the PTV, the organs at risk and critical structures will also receive significantly higher doses in the CP method. Increasing the dose in OAR could contribute to an increase in the treatment toxicity. To assess the toxicity of treatment, doses were analyzed in the proposed volumes of critical organs. In all analyzed OAR volumes the doses were higher in the CP method than in SP. When analyzing the OAR comparison for both methods in box plots ([Figs. 3-6](#f0003){ref-type="fig"}), we can observe that the differences are much smaller than in the box plot for the PTV ([Fig. 2](#f0002){ref-type="fig"}). Based on the analysis of doses in OAR in SP and CP methods, one can observe that critical organs received slightly higher doses in the CP method than in the SP method.

The dose calculation algorithm used was TG-43. This algorithm is based on water mass density. Human tissues have a different mass density than water. In the case of cancer located in the lung, the dose distribution is calculated mainly in the area of lung and critical organs (heart, esophagus, spinal cord). For the OAR in the mediastinum, for example the heart, mass density is 1.05, which is very similar to water density (1.0), and it seems correct to treat this area like an area of homogeneous water, but in the case of the lung there are such areas as a mixture of soft tissue and air. For lung (inflated) the mass density is 0.2 in the area of lung cancer. It would be worth considering a clinical treatment plan based on TG-186 and comparing the dose distribution in the target and critical organs. TG-186 algorithms take into account the tissue mass density. Analysis of both algorithms is to be a subject of the next study on comparison of the dose distribution in the target and critical organs.

TP based on three-dimensional imaging with the dose specified for the real area of the target will contribute to a significant extension of the survival time after the treatment. In the future, doses administered to OAR should be reported to enable data collection for the determination of tolerance levels for bronchial cancer treated with HDR brachytherapy.

Conclusions {#sec5}
===========

Contemporary planning in comparison with standard planning allows for a more conformal distribution of doses in the target area while limiting the toxicity of treatment. Modern TP allows one to adjust the dose distribution to the individual clinical situations and allows one to improve CTV coverage and increase doses to the OAR and overall survival as well.
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